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by

P. o. Ashill

SUMMARY

A combined theoretical and experimental investigation into transonic flows
over aerofoils of advanced design is described. The experiments have beenN
performed at high subsonic speeds and over a wide range of Reynolds number up to
20 million on a number of aerofoils with rear pressure distributions of differing
form and severity. Three families of aerofoilshave been studied, all of which
are of 14% thickness and have a high degree of rear camber. Data for aerofoil
pressure distributions and overall forces are compared with predictions by a
calculation method based on the viscous-inviscid interaction concept and
including allowance in the modelling of the turbulent shear layers for effects
which become important as separation is approached. Predictions of pressure
distributions by this method are shown to be in generally good agreement with
experiment for the various sections tested, and it is concluded that the method
provides a reliable basis for designing aerofoil sections with advanced features.
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Until fairly recently, the method most
favoured in UK fov calculating transonic
flows over aerofolls was the *iscous ver-
sion of the Garabedian and Korn program
(VGK) 1,2

. 
Based on the viscous-lnviscid

interaction concept, VGK ases A fuil-
potential algorithm for the Lnviscld
and integral methods to calculate The
shear layers. VGK gives reasonable pre-
dictions of aerfo!l -ressure distri-
butions and drag for attached flows but,
where flow separation is approached, the
method Is less reliable. The inadequacy
of the method for flows of this tvre e'"ms
in part from the use of the concepts of
first-order boundary-layer theory.

More recent developments have Included
methods for solving the Euler equations

3 ,,

in the inviscid part of the flow and
others yielding solutions of the Reynolds-
averaged Navier-Stokes equations5 ,'. The
former class of methods retains the
viscous-Inviscid Interaction procedure and
thus needs allowance for effects which
become important in regions approaching
separation; the latter class Is " ss
restricted in this sense but currently
relies on primitive turbulence models 7 .

I Introduction Thus methods of this type are not, at
present, suitable for routine application.

1Computational Fluid Dynamics (CFD)
methods for transonic flows over aerofoils In order to remedy the defects In 7GK
have been shown to yield physically mentioned above, improvements have been
r-~au.t.A solutions in a number of special made to the method to allow for 'higher-
cises generally with fully attached flow. order' effects and other influences which
However, these methods treat the shear become important in separated-flow
layers approximately and hence further regions. A first attempt to Include*these
issessment Is needed before the concepts effects (to give a code known as AVGK) was
Involved can he extended with confidence not entirely successful because of the
to more ?omplex flows. The need for such slowness of the numerical convergence of
an assessment is particularly acute for the 'direct' method (used to couple the
flows at high subsonic speed over aero- inviscid and viscous flow solutions) as
foIls of modern design having relatively separation is approached. East et alO
large rear camber. For such flows, the showed that, in such circumstances, an
adverse pressure gradients over the rear 'inverse' scheme for calculating the shear
of the section can be particularly severe, layers is preferable. In this scheme,
leading to a rapid growth in boundary- boundary-layer displacement thickness (or
layer thickness as the trailing edge is 'wall' transpiration velocity) is assumed
approached and possibly also to separ- known and the wall streamwisg-velocity
ation. Thus flows of this type, which are distribution of the Inviscid flow is
of great practical importance, pose a con- calculated; this distribution is then used
iiderable challenge to the accuracy of the in the inviscid flow either directly as
predictlons by CFD methods, the wall boundary-condition or indirectly

via an intermediate expression to define
This paper describes a combined theor- the wall transpiration velocity. The

etlcal and experimental investigation latter 'semi-inverse' procedure is
aimed at improving the modelling in a CFD employed in an improved version of AVGK
method or flows approaching separation, known as BVGK9; thus AVGK is superseded by
Vhe experiments were performed at high BVGK and so no further mention is made of
subsonic speeds in the aft x 8ft AVGK in this paper.
Pressurised Wind Tunnel at RAE Bedford on
three families of aerofoils of 14% The remainder of this paper starts with
thickness and of modern design, some of a description in section 2 of the aero-
which are novel in character, foils studied, follows this with a

discussion of the experiment, including
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the test techniques, in section 3, and lift coefficient :L = 0.6, a free-stream
:ontinues hy iescrtbtng the main features Mach number 'M ) '75 a chord eynolds
)f 9VGK in section J. Finally, predic- number R - 2C0 10 and with transition at
irons by VGK and 9VGK of aerofoil pressure 51 chord on both surfaces, separation is
iistrth'ottons and drag are compared with Just avoided near the trailing odge on the
those )r measurement In section 5. upper surface. RAE 5230 is the most

extreme of the three, having been jesigned
2 Aerofoll Design to have boundary-layer characteristics

near the trailing e ge on the ipper sur-
,\s noted in the introduction, three face at R - 20 L0 similar to those if

families of aerofoils have been tested, RAE 5225 at R = 6 , 100.
and In this sectIon characteristics of
eac family are briefly summarlsed. Each 2.2 Relaxing
family is distinguished by the pressure
lilstr[bution or shape of the rear half of The name relaxing is ised for these 3ec-
the upper surface. In other respects the tions because the pressure gradient on the
aerofolls, whicn have a common section upper surface decreases or 'relaxes' wlth
,head of 65% chord, are similar. Details streamwise distance between 75% and ?0%
of section shape and rear pressure distri- chord. This type of section has a
urtlon calculated by BVGK for selected possible advantage over more conventional
-r-fotls are given In Fig 1. sections for wings designed for high-speed

cruise, since the upper-surface shape
Qear pressure between 55% and 75% chord is such that
dII,btfC shocks forming in this region are rela-

PAE -- , tively weak at a given angle of incidence.
Of the two relaxing sections, RAE 5236 is

_ _ _th. more severe in terms of proximity to
r<nS "_ separation but is less prone to separation

than all the convex sections. Despite
c this, RAE 5236 has a higher drag at a

given lift at M_ - 0.735 than does the
q279 least extreme convex section RAE 5225, as

ILis shown later.

Ln0 ' 2.3 Two Part

The pressure distribution on the upper
F ,,surface of the solitary two-part section,

S 0L1 RAE 5234, is characterlsed by a region of
modest, adverse pressure-gradient between

5.I'"n I -- h60% and 90% chord followed downstream by a
n "\ pronounced increase in pressure gradient.
L - A novel feature of this section, which has

a J% thick base, is that it has a rela-
O tvely large cross-sectional area aft of

advantages and some freedom to design a

flap with a generous nose radius.

5 amir. 5.0 d otb tr~faes 3 Wind Tunnel Tests

3.1 Model and Measurement Techniques
;,q Fam iies of aerotoils studied

The model was of 0.635 m chord for all
2.1 Convex aerofoll sections and spanned the tunnel

working section, giving an aspect ratio of
The convex family of sections is so 3.84 and a chord to height ratio of 0.26.

named because the pressure gradient on the Special efforts were made to seal the two
upper surface increases monotonically with spanwise extremities.
streamwise distance between about 60% and
80% chord. Six sections have been Boundary-layer transition was fixed by
investigated in this family, three with means of the alr-injectlon technique in
sharp trailing edges, RAE 5225, RAE 5229 which air is bled into the boundary layer
and RAE 5230, and the remainder with blunt thr-ugh a row of small holes, drilled nor-
bases. However, only those sections with mal to the surface, at a rate just suf-
sharp trailing edges are considered In ficient to fix transition. Details of the
this paper. system are given in Fig 2 which also shows

the construction of the model; further
Of the three sharp trailing-edge aero- information is provided in Ref 10 where it

foils, RAE 5225 has the least tendency is shown that, above a critical mass flow,
towards separation on the upper surface; transition is effectively fixed at the row
this section is designed so that, at a of air holes at 5% chord on both surfaces,



• aerodyhamic load. The correction to
.' .centre-line incidence was deduced from a

prior static-calibratlon and from values
of aerodynamic pitching-moment inferred

- - from the static-pressure measurements.
The same calibration indicated that the
twist over the central 50% span was about
half the change in centre-line incidence.

Limited checks were made of the spanwise
variation of section drag coefficient by
rotating the wake rake about its axis
thr-ugh the wake for a number of shock-

ani ov lence Is presented suggesting that free flows. Differences between the
tne spur!nic drag ,ssoctated with air centre-line value and values at cetween
Injection Is negligible. ')3 and 0.5 chords either side of the

centre-line were found to be small, typi-
Surface static pressures were measured cally from 0.0001 to ).0002.

at orific-s of 0.5 mm diameter and drilled
normal to the surface both on the model An assessment of the effect of various
centre line and at a limited number of sources of error suggests that static
positions on lines about one chord either pressure and drag coefficients are
side of the centre line. The off-centre accurate to within t0.002 and ±0.0001,
holes were provided as a check on the respectivel,. A high standard of repeat-
spanwise uniformity of the flow but In ability was achieved in the measurement of
this paper onrly pressures measured at the pressure both between and within test
'-ntre-line are considered, series, static pressure and drag coef-

ficients being repeatable to within t0.001
3ectIon lift and Ditching moment were and t0.0001.

determined by appropriate Integrations of
the static pressures around the section 3.2 Test Conditions
contour. SectLon drag was determined from
the momentum deficit In the wake fir The measurements were made for free-
downstream; this deficit was Inferred from stream Mach numbers within the range 0.,
measurements of total and static pressures to 0.75 and for chord Rgynolds numbers
made with a rake of pitot and static tubes from 6 . 106 to 20 . 1P fcr ill sections
located at the vertical plane of symmetry except RAE 5230 for which the maximum
about two chords downstream of the Reynolds number was 17.7 x 106. All the
trailing edge. tests described here were made with tran-

sition fixed, established by varying air-
Details of the corrections applied to injection mass flow until there was no

the data for static-hole error, tunnel- further change in drag with mass flow.
wall constraint and model static aero-
elastic distortion are given in Ref Ii. 4 Calculation Meth-d
All the data presented in this paper are
corrected for these effects. In particu- BVGK contains the same basic procedures
lar, a simple correction for blockage Is as VGK, including the lag-entrainment
applied to free-stream Mach number and method'

3 
for calculating the turbulent

static pressure on the basis that the shear-layers, but embodies changes to the
blockage increment in Mach number varies modelling of the shear layers which become
slowly along the aerofoll chord. On the Increasingly important as separation is
other hand, a wall constraint correction approached and uses a revised method to
to model incidence alone is not justified couple the viscous and inviscid flow
because of significant variations in wall- solutions.
induced upwash in the region of the model.
Therefore, In the comparisons between 4.1 Improvements to the Modelling of
calculation and measurement to be Viscous Effects
discussed in section 5, an allowance is
made for this variation by a correction to The changes to the modelling of the
the aerofoil camber in the calculation, shear layers in SVGK are:
using the analogy between flow curvature
and aerofoll camber suggested by (a) Allowance for 'higher-order' effects
lin-arised aerofoil theory 1

2
. In the equations rot Integrated shear

layer mass and momentum deficit due
The correction for model aeroelastic to flow curvature and, where

distortion arises because the model was appropriate, second-order Reynolds
free to rotate in a hearing at one span- stresses.
wise extremity while being constrained at
the other -nd by the Incidence adjustment (b) A revised shape-parameter relation-
device. This arrangement avoided the ship which is more suitable for flows
complication or a following mechanism but with separation.
meant that the model twisted under



-ModIflcatIons to improve the accuracy Here ef is an equivalert skin friction
-f the ikIn friction and the snaoe coefficient, M Is Mach number and
parameter of the velocity profile at H - 54/q . The term " may be expressed
>,nw i'ra[ Reynolds numoer. as the sum of two terms due respectively

to flow curvature and to Reynolds normal
(J) Allowance for the iffect on turbu- stresses.

lence structure of flow curvature (a
correction which is ivailable in the Equations fi) and (3) differ from the
lag-entrainment method but not standard first-order expressions In "IrK in
implemented In V7K . that the inviscld-flow quantities are

defined by wall conditions In EIF rather
u.l.i Higner-order effects than by those at the outer edge of the

shear layer (which in VGK are inferred
qy 1ifrerencing the respective equations from the wall tatlc pressure of RVF using

or continuIty and Reynolds-averaged, the boundary-layer approximation
'favier-3tokes equations for two flows - ap/1z - 0, where p is static pressure).
tne Equivalent Inviscid Flow (EIF) and the Lock and Firmin'

s 
argued that this change

Real 7scous Flow (RF) - East
1  

was able is equivalent to an increase in adverse
t) adapt the equations for Integrated mass pressure-gradient in regions of rapid
and momentum deCfict in the shear layers boundary-layer growth such as near the
to include higher-order effects. The trailing edge. An additional difference
tormer flow coincides with the latter is that the right-hand side of
wnere the flow is Invtscid and is the equation (3) is non-zero, In general,
smooth continuation of the inviscid flow whereas it is zero In the fIrst-order
within the shear layers. He obtained for equation.
the wall transpiration velocity in EIF

The second term on the right-hand side
I d of equation (3) is generally less import-
w - (,iwUjwwi) , (1) ant than the first and Is thus neglected.

0 Consistent with this approximation, Uiw
where suffixes t and w refer to EIF Is assumed e ual to the surface speed In
nd to wall 'aerofoll contour or rear
lvIdtLng streamllne) conditions, U is I qw w + 1

4
w. A study of the

veLocity In the etreamwise direction a errors in boundary-lay-r thicknesses
and involved in using liw instea' of 

1
Jiw

Suggests that they may be ignored for the
7-- f(ijj - sU)dz (2) flows considered in this paper.

In a similar way, East derived the nor-
is zeneP lised displacement thickness. mal momentum-integral equation and from It
The Integration indicated In equation (2) showed that wall static pressures In the
Is performed from the wall (z , 0) to the two flows are related by the expression
outer edge of the shear layer (z , 6)
along a normal to the wall. 2

Defining a generallsed momentum 1w - Pw I *wUiw(a + 60)

thickness
where el Is the displacement-surface

Icurvature. For convenience, this equation

ftOU(Uiw - U) 4. is not used directly in 8VGK but is com-
PIwJ 

1
w o bined with the usual linearising assump-

tions to derive a flow speed corresponding
OiJ(Ui - Ilw) ldz to Pw

and Ignoring terms which are significant qw Uliw[l + C(8 + 60)1 . (4)
only when surface curvature is large and
the boundary layer grows rapidly, East In principle, equation (4)'hllows a
showed that the streamwise momentum solution to be obtained for the Inviscid
integral equation may be expressed as flow which is compatible with the Kutta

condition of smooth flow at the trailing
do (H 2 2 , i dU w . , edge expressed as

2w (qw)u - (qw) ,

I d(QIwjIw suffixes u and 1 referring to the
0 ,j2 ds upper and lower surfaces approaching the
1w -w trailing edge. However, the conformal

transformation used in the calculation of
dW the Inviscid flow is such that the Sol-

Mw ds w (3) ution for the flow is not defined at the
I W1w - trailing edge. The method used to solve

1w
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this prnhL.m Wtthln the framework of the definition but the formula ised Jiffers

revtsed treatment of the shear layers is from 'hat of the lg-entrainment method
1escrihb- LAter. in two respects:

4odiftCattons to the ?ntrainment and lag (a) Allowance is made for the effects of
equations tn the ag-entrainment method low Reynolds number on the velocity
consequent )n the isp of EIF wall quan- profile of the turbulent shear layer.
titLes In the definition of the Integral
thiknessee sr lescribed In Ref 1. (b) A lower limit of -0.0002 is Imposed

on the skin friction coefficient.
J.1.2 Shape Parameter Relationship

The first modification, whicn Is
In tne 'ag entrainment method, the mass- described in detail in Ref ?, is made to

flow osD q prsmeter allow for changes in the character of tur-
bulent boundary-layeus at low Reynolds

5 number (le at a momentum-thickness
H1  = fPJdz/IWI iw9 Reynolds number Re below about 5000),

0 relative to that at higher Reynolds
number, originally observed by Coles!O.

and the transformed shape parameter

According to ?reston'
9
, a flat-plate

Sboundary layer with fully-developed tur-
=i rP(U~ - U)dz/pwUibulence is not possible for values of Re

0iw less than 320 in low speed flows. In view

of this, and in the absence of evidence on
are related by the expression the effects of pressure gradient and

-- 2 compressibility, this value has been taken
q, .1.q * 1.72/(f - 1) - 0.01(- 1) o ito be the lower limit of R h just

downstream of transition, the momentum
This formula is intended to represent a thickness there being adjusted accordingly
wide range of aerofoll flows but is biased when necessary.
towards those with severe, adverse
pressur- gradients. The last term on the J.l.4 Curvature Effects on Turbulence
right-hand side is intended to ensure that Structure
djl,'d! is finite for all positive T ,
thus avoiding singular behaviour in the A method allowing for the influence on
!ntegratton of the shear-layer equations turbulence structure of streamwise flow
by the dIrect method, curvature is described by Oreen et al)3.

This correction with a modificat-onpro-
in 2VqK an alternative relationship is posed by BradshawZ to allow for a lag of

,is-d 106 can be included in BVGK. The mean
value of flow curvature across the shear

H1  2 .5/(C - 1) + 0.5(H - I), layer used in this correction is taken to
be that of the displacement surface. It

1.3 ff L4 ; is doubtful if this approximation is valid
for separated flows where the variation of
flow curvature across the layer is likely

H 'I + (ff - 4), 1 H 12 . (5) to be large. This aspect of the method is
considered again in section 5 where calcu-
lation and measurement are compared.

Equation (5) displays a minimum in HI
at a value of ( = 2.7) close to that 4.2 Viscous-Inviscid Interaction
for incipient separation. As Implied Procedure
above, relationships of this type cannot
be used for the calculation of separated BVGK is semi-inverse in character since
flows by the direct method normally It uses an inverse method to calculate the
associated with the lag-entrainment method turbulent shear layers but applies the
but pose no problem when the Inverse wall transpiration condition In the calcu-
method is used. Locki 6 showed that an lation of EIF as in the conventional
expression similar to equation (5) is direct scheme. In both VGK and BVGK the
suitable for low-speed flows, and it would method of Garabedian and Korn Is used to
appear that the same Is true of flows at calculate the inviscid flow with a modifi-
hieh subsonic speed except in regions of cation o the numerical difference scheme
sudden and severe pressure gradient"' (eg by Lock to Improve the representation of
stron ahock waves). shocks. However, In BVGK a different

method 13 used t; 3atisfy the Kutta
-_.1.3 Skin-Friction Relationship condition and this is described later.

The skin-friction coefficient Cf is
assumed to be equivalent to the standard



4.2.1 Calculation of Shear Layers and a.m. t Jo' ,op,5cme .,
71scousI-nviscid Matching

n each surface, the Laminar boundary --- ----
layer and the turbulent boundary layer to
Dne grid point downstream of transition - -

are calculated In the usual direct way. - -
Tirther Jownstream, the Inverse method is
isd whereby A* ls specified and liw
is determined along with cther boundary-
layer parameters, the lteratlon process
being started with an assumed istribution
)f Jislacement thickness. S- . .uoa .me.utac.

Matching between the Inverse part of the
solution and ELF is accomplished with an
expression due to Carter

2  Fig.3 Fow conditions to be satisfied at

UV trailing edge

Ali A (n) + -1 The condition of zero pressure differ-
ence across the wake centre-line is also
imposed further downstream. As shown
by Locki6, this condition defines the Jump

share superscrIpts 1 and " refer to in velocity across the wake in EIF.
the previous inviscid solstion and to the
solutinn of the shear layers, n is the
number if viscous iterations and a is a ./7//
relaxation factor. Wall transpiration
velocity Is then obtained from
equation (1) with ow and Ujw being
derived from the inverse solution of the F-
shear layers. I ,

U.2.2 Treatment of Trailing Edge and
Wake

The conformal mapping used in the calcu-
lation of EIF is singular at the trailing
edge, and thus the solution of EIF is not
icftnd at this point. Rence, without
further consideration, it is not possible
either to match the two flow solutions
there using Carter's formula or to satisfy
the Kutta condition directly. The method 7

used to solve this problem is as follows.
Pirst, a further approximation to S1 at rig.4 Streamwse variation of shear - layer
tn lralJlnb - 'dtc Co'..' hv a smooth thickness near trailing edge of tlunt-
interpolation of the displacement surface h.! Arofol
(Fig 3). For this purpose, the wake The effect of a blunt base is incorpor-
centre line near the trailing edge is ated in a simple say as follows. As
taken co be a straight line, Initially before, the displacement surface is taken
assumed to be parallel to the reference to be continuous at the trailing edge, and
streamwlse axis of the aerofoil. Second, the unique shape-parameter relationship,
ha, -&' determined I!splacement-surface equation (5), is retained. Pig 4
curvature at the Iralling -dr- on each illustrates the streamwise distributions
surface by Interpolation, flow speeds of the shear-layer parameters upstream and
corresponding to RVF pressures at the downstream of the trai!- Oce. qoth the
trailing edge are found using thickness iu and displacement thickness
equation (4). At this stage, the Kutta o

condition is not necessarily satisfied; ill of the shear layer above the rear

therefore the angle of the wake centre- dividing streamline increase discontinu-
tIne relative to the reference axis, 4 , ously at the trailing edge by the amount
is adjusted After each shear-layer calcu- h , the height of the trailing edge of the
'itton until values of So at the upper surface above the intersection of
trailing ed, are obtained which are con- the dividing streamline with the base.
asent both with the Xutta condition and I
tne rquirement of a smooth displacement This implies that Hu - j, jumps at the

irf ace, trailing edge by the amount h/ u , while

(Pl)u - (4,1 - 3)/u is continuous there.

A similar argument applies to the shear
layer below the dividing streamline
(Pig 4). Since the value of H I of
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',,r iar lsc-r 'iet lownstre.a of tne -dsg~ )rdtnates 4ere ised 'n the 'al-
-i 1z 'o d~ge '-, ot necessarlly -on- lations; the ernrors in toe irdtnat-s ir

- 1" -- '.r -ntfl toe -?,!e oy t 'he onape- small with a oanlt ide of leeI t-sn -i
i r3,r,7"' r~lro~op a n adjustment is w.O~c here ,is aerof;11. 7non!. Th

- h I Arr !e-~ssary as assoctated errors *Zr surface Pressuire 1kn
- - iqtrar-l In 'Ig3 7. 'he poslt'-in 4' the calc ujated t) te oegltgj!t! w'ep! 7.?5P
ilvtvlting onemlo n "he nase, qhl,-, to sonic cond!-Ions.
1et~ermtnP 'he %vales )f the boundary-
jvon -hi'C4neseis e!her side if tre 4ake, Trag Is3 ;S':oae i:ng Th repr-fst i'0-

1inVenown; b~owever, overa.l forces are
2 qnrd to a 0

e rs-ns 'tl'e to hangesInti
:-s sItto. 7herefo7,re In the calculattons W -

'0 e tI c"ifl-o55e aenofil 9AE 'z224 toe There
oe 1g 3 n e rt ! ken eti 'cc 101 if' case

tot 'icreso 2

Is the viscous drag coerff1-lent , sff' x
referring to 2onditlons far iownst-ream.

- 4- A S The wave-drag coeffI ricIs

usu~tPS IO dan-calculated by a procedure
2 
I'hicr I-lent-

'I~~~? qIfies conditlons 2ust upstream ofrh
~ ;.a:anZ'i'shock in thea flowfleld and infers a inocK

-. 4 total-pressure loss from that or a
Ranktne-Hugonic t chock of the same Mach
number nurmal. to and lust ipstreamn or the
shock. hdave drag then follows from sppll-
cation of the momentum '.h-eorem to stream-
tubes downstream or the srock on the
assumption or adiabatic, isentropic flow.

'-Iiosameco 'at losrs7 itlw 50 5.3. Convex Sections

Calculated and measlured pressure 1istri-
Sloe -sowe houndary condit ions in EIF are butions are shown In Figs h and f or

,rniPoI rl the ihonrdwis& extensions of the Mt 0.735, 1r 1.6 and for-twoRgynol
.- Igae V-5 the lb-se In the way described by numbers R 20 S1l06,'or I". 10~ for

kW 'ir3 1 Atams''2 RAE 5230) and 10'Q. These flows have a
soperoritiaeglon abovfe the i1pper sun-

5S 'marison Between Calculation face commencing close to the leading edge
and Exoeriment. and terminating In a weak snock at about

50% chord. In some cases, re-expansion of
7,ll let-ella of the calculation pr-'- the rlcw is evident -pstream of the shock.
-'reare given [n Ref 9. Nominal All the flows aesniiet rosI

2 '' 'o Co. 2 I* 0 o 1 :0 -l.
jG '64 7700874 700020 - OGX 171 011 14FZ 06301 - vr 540 7 700917 0 0080

1 0 07? 1 q'o 7 411 -1 IRV '7 00907 .7007
'o : 0 ,1 G '0 Q 0 00913 00 6

15~~~~o ''4 1 pI'naa00150

7- 2

U 74 16o1

ILI
-11

iF AE 5225 T, ) 587 R 20.F0F1 h) R48 229 '(L '70 2.4 2-0. 1RE 30 (L' 160F1 R ' 1.0

',r 6 r 4c1(oaod and measured oresuoe dstributoins 'or Convex sections. M d 735
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,he more iccurate estimates of lift at a variofs rear-pressure distributions has
given angle of Incidence and pitching- been described. In the experiment,
moment at a given lift. special care was taken to ensure that the

data were of sufficient quailty to allow
Comparison between Pigs I and ii shows rigorous validation of CFD methods. A

that RAE 5236 has larger drag at a given large number of different flows were
lift than that if the convex section studied, ranging from those that were
RAE 5236. This occurs In spite of the completely attached to those with regions
flow heing calculated to be attached on of separation.
The former section and separated at 98%
nord on the upper surface of the latter. The data have been used to validate CFD

methods developed at RAE including a
5.3 Two-Part 3ection viscous-inviscid interaction method known

as BVGK. This method has been shown to
Pressure distributions 'for M. -0.73, predict accurately pressure distributions

CL - 0.6) and overall forces and pitching and section drag for a wide range of flows
moment for the two-part section RAE 5234 including those with rear separation,
are shown in Figs 12 and 13. As with the suggesting the use of the method as a tool
other sections, BVGK is seen to give for designing sections and extrapolating
accurate estimates of drag over a range of wind-tunnel data to 'full scale'.
lift coeffictents which is useful for
design purposes and to provide signifi- Following extensive validation, BVGK is
rantly improved predictions of pressure currently in use in UK aerospace industry.
distributions, lift, drag and pitching Eventually, the method will be replaced by
moment compared with those of VGK. more sophisticated methods but before they

are accepted as design tools they will
Overall, the agreement between BVGK pre- have to demonstrate an accuracy at least

dictions and measurement is good for all equal to that shown by BVGK.
sections, except at high and low lift when
strong shocks appear. Attention is drawn, References
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